Abstract The lipid class and the fatty acid compositions of microalgae highly influence bivalve larval and post-larval development. Light is an essential environmental factor for microalgal culture, and quantity and quality of light may induce changes in the biochemical composition of the algae. The objective of this study was to investigate the effect of light spectrum (blue vs. white light) on lipid class and fatty acid compositions of Tisochrysis lutea cultured in a chemostat. Two different dilution rates (D) were assayed for each light spectrum: 0.2 and 0.7 day −1
Introduction
Commercial applications of microalgae have expanded in recent years to include the production of a wide range of molecules as nutritional supplements, antioxidants, cosmetics, natural dyes, and polyunsaturated fatty acids (PUFA) (reviewed in Spolaore et al. 2006) or biodiesel (Schenk et al. 2008) . Live microalgal supply is essential in shellfish aquaculture as no alternative for total substitution of live diets has been found yet. Moreover, specific nutritional needs of each shellfish species still are incompletely known. Accordingly, feeds are supplied as mixed-algal diets to provide an estimated balanced diet thought to meet nutritional requirements. Manipulation of algae may be a relative simple way to alter feed composition without culturing several species, allowing the algal culturist to focus on algal species that are known to have high ingestion and digestion rates by bivalves (Marshall et al. 2010) and that are easy to culture.
Microalgal biochemical composition, and specifically lipid content and profile, can change during culture aging (Fernández-Reiriz et al. 1989; Alonso et al. 2000) . For example, protein accumulation is enhanced during Isochrysis aff. galbana (= Tisochrysis lutea) exponential phase, whereas carbohydrates and lipids are mainly stored during the stationary phase (Brown et al. 1993) .
Microalgae can be grown in a physiological steady state under constant environmental conditions. In this steady state, growth occurs at a constant specific growth rate and all culture parameters remain constant. Microalgae growing in chemostats reach a steady state due to a negative feedback between growth rate and nutrient consumption. Due to the self-regulation, the steady state is stable. This enables the experimenter to control the specific growth rate of the microorganisms by changing the speed of the pump feeding fresh medium into the vessel. Accordingly, harvesting at a specific growth phase and manipulating culture conditions, such as nutrient supply, may allow the orientation of lipid composition Julie Marchetti and Fiz da Costa contributed equally to this work.
for specific purposes . The benefits for the industry are undeniable because microalgal composition can be modulated/orientated by changing dilution rate and manipulation nutrient supply.
Tisochrysis lutea (formerly Isochrysis affinis galbana or TIso; Bendif et al. 2013 ) is a microalga used widely as live food in bivalve hatcheries because of an advantageous fatty acid profile and relative ease of culture (Ewart and Pruder 1981; Napolitano et al. 1990 ). Biochemical and fatty acid composition of a given species of phytoplankton can be modified under different growing conditions, such as nutrients, light intensity and spectrum of light, and temperature (Mortensen et al. 1988; Sukenik and Wahnon 1991) , according to the growth phases of the algae (harvesting stage) (Fernández-Reiriz et al. 1989; Brown et al. 1993) and also depending on the culture system (Ponis et al. 2006) . Among these variables, light is an essential ingredient for microalgal culture (Marchetti et al. 2012) . Indeed, microalgal metabolism and growth can be modified not only by light quantity (irradiance) but also by light quality (light spectrum) (Gostan et al. 1986; Wynne and Rhee 1986; Rivkin 1989; Marchetti et al. 2013 ). Marchetti and co-workers (2013) showed that T. lutea growth was similar at both light spectra (blue and white), whereas protein synthesis increased under blue light at the expense of carbon metabolism. Light spectrum (quality) did not, however, modulate total lipid content (Marchetti et al. 2013) .
Lipid class composition can be modified by environmental and culture conditions (Parrish 1987; Alonso et al. 2000) ; however, this area of research remains little developed. Some lipids have an energy storage role, such as triglycerides (Saoudi-Helis et al. 1994) . Others may also be involved in the development of the photosynthetic system, such as glyceroglycolipids, which are important compounds in the thylakoid membrane, with a role in the photochemical reactions of photosynthesis (Bruce 1998) .
Polyunsaturated fatty acids (PUFAs) are important nutrients in marine trophic webs. More precisely, omega-3 fatty acids eicosapentaenoic acid 20:5(n-3) (EPA) and docosahexaenoic acid 22:6(n-3) (DHA) are essential for growth, development, and reduced mortality in most marine animals, particularly in fish (Reitan et al. 1994 ) and mollusk larvae (Langdon and Waldock 1981; Knauer et al. 1999; Aranda-Burgos et al. 2014 ) because these compounds are major membrane components (Hendriks et al. 2003) and possible modulators of membrane function (Palacios et al. 2005) . In addition, these essential lipids are associated with human health, for example, in the prevention of cardiovascular diseases (Huerlimann et al. 2010) . It is of societal importance, therefore, to understand and improve EPA and DHA production for both shellfish nutrition (Marchetti et al. 2013 ) and human health. Other studies have, nevertheless, shown that light spectrum may influence secondary metabolism of lipids, such as sterol composition of Phaeodactylum tricornutum (Véron et al. 1996) or fatty acid composition in Chaetoceros calcitrans (Sánchez-Saavedra and Voltolina 1994) . This study focused, therefore, on the effect of blue light and dilution rate on lipid class and fatty acid compositions of T. lutea.
Materials and methods

Microalgal culture
The techniques used have been previously described in Marchetti et al. (2013) , so only a brief outline will be given here. Tisochrysis lutea (CCAP 927/14) was maintained under continuous culture in two 3.5-L photobioreactors (PBRs) made of two transparent polymethylmetacrylate (PMMA) columns (60 mm diameter) connected by two flanges. PBRs were sterilized with 5‰ peroxyacetic solution for 20 min before use and then filled with pre-acclimated cultures at 10 6 cells mL
in Conway-enriched sea water (3 mL L −1
, in order to prevent nutrient limitation), at ≈ 35 ppm salinity. Each culture was previously pre-acclimated at its own experimental light spectrum, i.e., blue or white spectra, for 5-7 days. The white and blue light spectra used during this experiment have been already illustrated (see figure 1 in Marchetti et al. 2012 ). Cultures were thermoregulated at 26 ± 1°C by air conditioning and pH was maintained by automated CO 2 injections at pH 7.2 ± 0.1 with a pH measurement loop (electrode Inpro 4800/225/PT1000, Mettler Toledo and HPT 63, LTH Electronics Ltd.). One culture was conducted for each dilution and light condition. Light was continuously delivered by six dimmable fluorescent tubes (blue or white), which incident irradiance was set at 300 μmol photons m −2 s −1 using a dimming device. Two dilution rates (D, 0.7 or 0.2 day −1
) were assayed using a dosing pump (KNF stepdos), for both light conditions, and checked daily by measuring the harvested volume. D = 0.7 day −1 means that 70% of the culture was daily harvested and accordingly diluted with enriched seawater, whereas only 20% of the culture was daily harvested and diluted at D = 0.2 day −1 .
Analytical procedures
Cell quantification was done daily by two methods to establish steady-state growth, i.e., when values were stable for at least three consecutive days with less than 10% variation. Cell counting was performed by image analysis (IPS 32; Unilog) and microscope (Diaplan, 307-148001, Leitz; 3CCD color vision camera module, Donpisha) with Malassez slides and Lugol staining solution. Cell density was also determined by spectrophotometry at an absorbance of 800 nm (μQuant; Biotek Instruments Inc.). At steady state, three samples of 500 × 10 6 cells were filtered onto pre-combusted Whatman GF/C filters (450°C for 4 h) for each experimental condition. Samples were stored in pre-cleaned glass vials and sealed under nitrogen in 6 mL chloroform/methanol (2:1; v/v) (Folch et al. 1957) at − 20°C for lipid extraction.
Samples were sonicated for 10 min and separated on a hydrated silica gel (6%, w/w) glass microcolumn (250 mm × 5 mm) (Soudant et al. 1995) . After checking separation efficiency on thin-layer chromatography (TLC) , the method was modified. Neutral lipids (NL) were eluted first using 10 mL chloroform, glycolipids (GL) using 20 mL of acetone, and phospholipids (PL) using 15 mL methanol. The different fractions collected were evaporated under nitrogen and stored under 2 mL of Folch reagent. Two subsamples of 1 mL each were prepared, sealed under nitrogen, and stored at − 20°C for lipid-class and fatty-acid determination using TLC and gas chromatography (GC), respectively.
Samples for lipid class analysis were evaporated under nitrogen and re-suspended in 150 μL of Folch mixture. Lipid classes were determined by TLC using 200 × 100 mm silica-gel plates (Silicagel 60; Merck). Silica plates were subjected to a first elution to eliminate impurities with a solution of hexane/diethylether (1:1, v/v) for neutral lipids and a solution of methyl-acetate/ isopropanol/chloroform/methanol/KCl 0.25% (10:10:10:4:3.6; v/v) for the other lipid classes (GL and PL). The chromatographic plates were activated for 20 min at 120°C. The samples were placed on the plates with an automated instrument designed for TLC (Automatic TLC sampler 4 and software WinCATS; CAMAG). Standards employed for the identification of compounds within each lipid classes were sterols (St), alcohols, two different types of alkenones (ALK a and b), free fatty acids (FFA), triacylglycerol (TAG), glyceryl ethers (GE), and sterol esters (StE) for neutral lipids; sulfoquinovosylacylglycerol (SQDG), digalactosylacylglycerols (DGDG), and monogalactosylacylglycerols (MGDG) for glycolipids; and lysophosphatidyl-choline (LPC), sphingomyelin (Sm), phosphatidylcholine (PC), phosphatidylserine (PS), and phosphatidylinositol (PI) phosphatidylethanolamine (PE) for phospholipids. All the lipid class standards and the chemicals used for HPTLC were purchased from Sigma-Aldrich, except for alkenones, which were laboratory-made standards. Neutral lipids were separated by two successive developments: first with a solution of hexane/diethylether/acetic acid (20:5:0.5; v/v) and, after drying, development in a hexane/diethylether (97:3; v/v) solution.
Glycolipids and phospholipids were separated under a simple development with a solution of methyl-acetate/ i s o p r o p a n o l / c h l o r o f o r m / m e t h a n o l / K C l 0 . 2 5 % (10:10:10:4:3.6; v/v). Plates were dipped in a 3% CuSO 4 and 8% H 3 PO 4 solution and heated at 160°C for 20 min. The developed plates were analyzed with a scanner-densitometer, equipped with a monochromatic, 370-nm light bulb, and lipid classes were identified and quantified comparing band intensity and position between standards and samples using WinCATS software. Quantitative data were expressed in grams per gram of C to avoid bias from cell size with dilution rate.
Samples of microalgal cultures for carbon (C) analysis were collected at steady-state, filtered (approximately 100 × 10 6 cells) through pre-combusted Whatman GF/C glass filters and dried at 70°C for 48 h. Particulate carbon was determined by elemental analysis (EAGER 300, Thermo Scientific, CHN analyzer) and computed on the basis of the mean cell count at steady state.
Fatty acids (FAs) were analyzed using GC after the addition of the free fatty acid 23:0 (2.3 μg) as an internal standard for quantitative determinations. Samples were evaporated under nitrogen and transesterified with 1 mL of BF 3 -MeOH (14% by weight) for 10 min at 95°C (Metcalfe and Schmitz 1961) . After cooling, 1 mL of hexane and 1 mL of water were added to samples, which were agitated gently and centrifuged (1000×g, 10 min). The organic upper phase, which contains the fatty acid methyl esters (FAMEs), was collected and cleaned with 1 mL of water that was subsequently eliminated. FAMEs were separated and quantified by GC using an BAutosystem GC^(Perkin-Elmer) equipped with a cyanopropyl-cyloxane capillary column (BPX 70, 60 m length × 0.25 mm i.d. × 0.25 μm film thickness), with a split-splitless injector and a FID (flame ionization detector). FAs were identified using the software Galaxie and expressed per unit of C.
Statistical analysis
Group normality was initially evaluated using the ShapiroWilk test, and homogeneity of variances was checked prior to analyses by the Barlett test. Percentage data were transformed (arcsin square root of xi 100
) to normalize variance (Sokal and Rohlf 1995) . Two-way analysis of variance was performed for all biochemical variables (i.e., proportion and quantification of lipid class and fatty acid compositions within each lipid fraction) using Statgraphics Centurion XV software to test the effect of dilution rate and spectrum of light. When a significant effect (P < 0.05) was found, Fisher's least significant difference (LSD) test was used to determine significant differences between experimental conditions. FA data were analyzed statistically, with a similarity percentage analysis (SIMPER) being performed on the relative FA percentage data to demonstrate the differences in NL, GL, and PL FA composition between dilution rate of the culture (0.2 day ) and spectrum of light (white or blue) in T. lutea. SIMPER identifies the FAs that contribute most to the variance between tested conditions. Only the FAs that cumulatively contributed up to 80% of the dissimilarities recorded were selected to identify the differences in FA profile between culture conditions (Clarke and Gorley 2006) . Data on the relative FA percentage of the samples were logarithmically (log [x + 1]) transformed and converted into a Bray-Curtis similarity matrix to start the multivariate analyses. The BrayCurtis similarity matrix was used for a one-way analysis of similarities (ANOSIM) to test whether samples within NL, GL, or PL fractions clustered by dilution rate or light spectrum. ANOSIM calculates a global R statistic that weights the differences between groups, with R = 1, R = 0.5, and R = 0 indicating a perfect, satisfactory, or poor separation of the clusters, respectively (Clarke and Gorley 2006) . SIMPER and ANOSIM analyses of the relative FA percentages were performed using PRIMER (Quest Research Limited, Albany, Auckland, New Zealand, version 5).
Results
Lipid class identification and proportions
In the neutral lipids (NL), 10 different groups of compounds were found in NL (Fig. 1 ). There were two spots of pigments, sterols (St), free fatty acids (FFA), unidentified NL 1 and 2 (NLx 1 and NLx 2 ), triacylglycerol (TAG), alkenones a and b (ALK a and ALK b), and hydrocarbons (HC). TAG, St, and hydrocarbons (HC) were the main compounds, accounting for 66-79% of total NL. Relative contents of HC and unidentified NL 1 and 2 (NLx 1 and NLx 2 ) were affected significantly by dilution rate (D) ( Table 1) . Specifically, the proportion of NLx 1 and NLx 2 increased at a high dilution rate (D = 0.7 day −1 ), whereas the HC proportion decreased significantly. Relative contents of TAG and FFA were affected significantly by D, and the interacting effects of light spectrum with D. The proportion of TAG was enhanced at low dilution rate (D = 0.2 day −1 ) under blue light, whereas FFA increased at high dilution rate under blue light. The proportion of sterol (St) varied with light spectrum and D, exhibiting the highest relative content at high dilution rate and under blue light (19%). Alkenone a (ALK a) relative content was modified by light spectrum, with highest values under white light.
In the glycolipids (GL), five different groups of compounds were found (Fig. 1) , with MGDG, SQDG, and the unidentified GL 2 as main compounds accounting for 87-92% of total GL. The relative content of SQDG was dependent upon D, with higher values at high D (0.7 day −1 ) ( Table 2 ). Relative content of DGDG was affected significantly by D, light spectrum, and the interaction. The highest proportion of DGDG was recorded at low D (0.2 day −1
) and blue light, whereas the lowest relative content of DGDG occurred at high D (0.7 day −1 ) regardless of light spectrum. Differentiation between groups in the PL was not possible because of superposition of bands and incorrect alignment with standards (Fig. 2) .
Lipid class quantification
Within each lipid class (NL, GL, and PL), only some compounds were quantified with the calibration curve used in this study (TAG, St, and HC for NL and MGDG and DGDG for GL; Table 3 ). TAG and St contents were significantly related to D, showing highest values at low D (70 and 12 × 10 3 g g −1 C, respectively; Table 3 ). HC content varied significantly with both D and light spectrum, with the highest value recorded at low D under white light (Table 3) . DGDG content was significantly affected by D and the interaction of both factors (Table 3) , with the highest value detected at low D under white light (Table 3) .
Fatty acid quantification
The main FAs in NL were 14:0, 18:1(n-9), 16:0, and 18:4(n-3), accounting from 69 to 82% of TFA in NL under all experimental conditions (Table 4) . Total fatty acid (TFA), saturated fatty acid (SFA), and monounsaturated fatty acid (MUFA) contents in NL were affected significantly by D (Table 5) . These components were stored in NL at low D with approximately double at high D (Table 4 ). The main FA in SFA were 14:0 and 16:0, which showed increased contents at low D (30 and 16 × 10 3 g g −1 C at 0.2 day −1 vs. 14-16 and 7-8 at 0.7 day −1 ; Table 4 ). MUFA content was mainly driven by 18:1(n-9), which increased at low D (25 × 10 3 g g −1 C at 0.2 day −1 vs. 9-11 × 10 3 g g −1 C at 0.7 day −1
; Table 4 ). The polyunsaturated fatty acids (PUFA) 20:4(n-6) and 20:5(n-3) also were modulated by D (Table 5) , showing the lowest values for both FA at high D (Table 4 ). In contrast, 22:6n-3 content was similar regardless of experimental conditions (3-4 × 10 3 g g −1 C; Table 4 ), whereas relative DHA values reached 4.5 and 6.5% of TFA in NL at low and high D, respectively. The main changes in FA profile (expressed in weight percentage) in NL attributable to light spectrum were associated with 18:0, 16:1(n-7), 18:1(n-9), 16:2(n-6), 18:3(n-3), 18:4(n-3), 18:5(n-3), 20:4(n-6), 22:5(n-6), 22:5(n-3), and 22:6(n-3) (8.7% dissimilarity, SIMPER), and the overall difference was not statistically significant (global R = − 0.059, stress = 0.641, ANOSIM).
The main changes of FA profile (expressed in weight percentage) in NL attributable to dilution rate were associated with 18:0, 16:1(n-7), 18:1(n-9), 16:2(n-6), 18:3(n-3), 18:4(n-3), 18:5(n-3), 22:5(n-6), 22:5(n-3), and 22:6(n-3) (Fig. 3a) (11.3% dissimilarity, SIMPER), and the overall difference was statistically significant (global R = 0.844, stress = 0.002, ANOSIM).
The main FA in GL were 14:0, 18:4(n-3), 18:1(n-9) and 16:0, accounting for 72-80% of TFA in GL in all experimental conditions (Table 4 ). The effect of D and light spectrum on Significant probabilities are in bold (P < 0.05). Mean not sharing a common superscript are significantly different (P < 0.05) SQDG sulfoquinovosylacylglycerol, DGDG digalactosylacylglycerols, GLx 1,2 unidentified glycolipids, MGDG monogalactosylacylglycerols, ns non-significant differences FA contents in GL was low (Table 5 ). MUFA content in GL was significantly lower at high D (13-14 g g −1 C) compared to low D (19-22 × 10 3 g g −1 C) (Tables 4 and 5 ). The MUFA 18:1(n-9) exhibited a similar pattern as total MUFA, increasing significantly at low D (Table 4) . Great amounts of 18:4(n-3) were found in GL compared to the other FA classes (NL and PL; Table 4 ). Higher, but not significantly different, quantities were observed when T. lutea was grown under low D (26-28 × 10 3 g g −1 C) compared to high D (20-22 × 10 3 g g −1 C, Table 4 ). The amount of 18:5(n-3) was significantly lower at low D (0.4-0.7 × 10 3 g g −1 C) than at high D (D = 0.7 day −1 , 2-3 × 10 3 g g −1 C; Table 4 ). The PUFA 20:4(n-6) was undetected in GL. The content of 20:5(n-3) was modulated by D, whereas a significant interaction between D and light spectrum was found (Table 5 ). The highest quantities of 20:5(n-3) were recorded at high D under white light, whereas the lowest values were found at low D under white light (Table 4 ). Similar contents of 22:6(n-3) were detected at all experimental conditions (2.4-2.9 × 10 3 g g −1 C; Table 4 ). TFA in GL varied from 85 to 101 × 10 3 g g −1 C (Table 4) , showing no differences between culture conditions. The main changes in FA profile (expressed in weight percentage) in GL attributable to light spectrum were associated with 18:0, 16:1(n-9), 16:1(n-7), 18:1(n-9), 16:2(n-6), 16:2(n-4), 18:3(n-3), 18:4(n-3), 18:5(n-3), 20:5(n-3), and 22:6(n-3) (7.0% dissimilarity, SIMPER), and the overall difference was Fig. 2 Thin-layer chromatography (TLC) plate of a sample (Sp, left side) of Tisochrysis lutea phospholipids and the standards (std, right side). In both sides of the graphic, the spectrum of bands after reading the plate at 370 nm can be seen. Identification of the different compounds could not be done due to the lack of correlation between samples and standards, i.e., bands of compounds of the standards were not aligned with those bands in the sample. The lack of identification of phospholipids in T. lutea hindered the study of biochemical composition of the structure of this species of microalgae. LPC, lysophosphatidyl-choline; Sm, sphingomyelin; PC, phosphatidylcholine; PS, phosphatidylserine; PI, phosphatidylinositol; PE, phosphatidylethanolamine. Significant probabilities are in bold (P < 0.05). Mean not sharing a common superscript are significantly different (P < 0.05) TAG triacylglycerol, St sterols, HC hydrocarbons, MGDG monogalactosylacylglycerols, DGDG digalactosylacylglycerols, ns non-significant differences 56.4 ± 10.7 NL neutral lipids, GL glycolipids, PL phospholipids not statistically significant (global R = − 0.02, stress = 0.522, ANOSIM). The main changes in FA profile (expressed in weight percentage) in GL attributable to dilution rate were associated with 18:0, 16:1(n-9), 16:1(n-7), 18:1(n-9), 16:2(n-6), 18:2(n-6), 18:3(n-3), 18:4(n-3), 18:5(n-3), 20:5(n-3), and 22:6(n-3) (Fig. 3b) (8.9% dissimilarity, SIMPER) , and the overall difference was statistically significant (global R = 0.954, stress = 0.002, ANOSIM).
The main FA in PL were 14:0, 22:6(n-3), 16:0 and 18:1(n-9), accounting for 73-79% of TFA in PL in all experimental conditions (Table 4) . TFA in PL were enhanced at low D (Tables 4 and 5 ). MUFA in PL showed significantly higher amounts at low D (14-17 × 10 3 g g −1 C) than at high D (8-10 × 10 3 g g −1 C; Tables 4 and 5 ). Total PUFA and n-3 PUFA were modulated by D and light spectrum ( Table 5 ). The highest total PUFA content was observed at low D under blue light (30 × 10 3 g g −1 C), whereas the lowest value was recorded at high D under white light (19 × 10 3 g g −1 C; Table 4 ). The highest amounts of n-3 PUFA were found at low D under blue light (28 × 10 3 g g −1 C), whereas no significant differences were observed for the other experimental conditions (18-20 × 10 3 g g −1 C; Table 4 ). The contents of n-6 PUFA and 20:4(n-6) were significantly affected by D and light spectrum and the interaction (Table 5 ). The highest content of n-6 PUFA was observed at low D under white light (4 × 10 3 g g −1 C; Table 4 ), whereas no significant differences were observed for the other experimental conditions (2 × 10 3 g g −1 C; Table 4 ). The amount of 20:5(n-3) was significantly enhanced at high D (Tables 4 and 5 ). The content of 22:6(n-3) was significantly affected by D and light spectrum (Table 5) , showing the highest amount at low D under blue light (17 × 10 3 g g −1 C) and the lowest value at high D under white light (11 × 10 3 g g −1 C; Table 4 ).
The main changes in FA profile (expressed in weight percentage) in PL attributable to light spectrum were associated with 14:0, 18:0, 16:1(n-7), 18:1(n-7), 16:2(n-4), 18:2(n-6), 18:3(n-3), 18:4(n-3), 22:5(n-6), 22:5(n-3), and 22:6(n-3) (6.8% dissimilarity, SIMPER), and the overall difference was not statistically significant (global R = −0.04, stress = 0.514, ANOSIM).
The main changes in FA profile (expressed in weight percentage) in PL attributable to dilution rate were associated with 14:0, 18:0, 16:1(n-7), 16:2(n-4), 18:2(n-6), 18:3(n-3), 18:4(n-3), 20:5(n-3), 22:6(n6), and 22:6(n-3) (Fig. 3c ) (8.1% dissimilarity, SIMPER), and the overall difference was statistically significant (global R = 0.644, stress = 0.008, ANOSIM).
Discussion
In the present study, lipid class composition and fatty acid profile of T. lutea were shown to respond selectively and significantly to different qualities of light (blue or white) and two dilution rates (low D, 0.2 day 
Lipid and fatty acid composition variations with dilution rate and light spectrum
Quantities of NL and GL classes were not modified significantly in T. lutea cultured under blue light compared to white. In NL, the proportion of TAG at high D and the proportion of ALK a, at both dilution rates, decreased with blue light. To our knowledge, there is no study that deeply investigated variation of lipid classes under different light spectra, thus making very Table 5 Summary of the twoway analysis of variance (ANOVA) results in each lipid class for total fatty acids and in total fatty acids (× 10 3 g g −1 C), their classes (SFAs, MUFAs, and PUFAs) and n-3 and n-6 depending on dilution rate (D) and light spectrum difficult comparison of our data with literature. Nonetheless, St variation under different light spectra (red, blue, white, green, and yellow) was studied in Phaeodactylum tricornutum (Véron et al. 1996) . These authors demonstrated that at a similar temperature (23 vs. 26°C), total quantity of St was not affected by blue versus white light, thus confirming St stability found in the present work (7-12 × 10 3 g g −1 C) under both light spectra. St are essential constituents of cell membranes (Volkman et al. 1981) . In the present study, St content was significantly reduced at high D, which may increase membrane fluidity. TAG, the main energy source material for cellular division (Dunstan et al. 2005) , increased under low D (70-71 × 10 3 g g −1 C); content was two-to three-fold higher than at high D (22-33 × 10 3 g g −1 C). These observations are in agreement with previous results in T. lutea which showed that NL increased at low D as a result of light limitation (SaoudiHelis et al. 1994) . A l k e n o n e s c o u l d b e q u i t e a b u n d a n t i n m o s t Prymnesiophyceae and particularly in T. lutea (Volkman et al. 1980 (Volkman et al. , 1981 Marlowe et al. 1984; Dunstan et al. 2005) . Alkenone biosynthesis and cellular machinery involved in production remain unknown (Eltgroth et al. 2005) . Versteegh et al. (2001) speculated that alkenones may also interact in the photosynthetic pathway. Other authors suggested that alkenones may have a storage function (Eltgroth et al. 2005; Shi et al. 2015) . Alkenones may be synthesized in the chloroplast and then exported to cytoplasm in the form of lipid bodies for storage and eventual metabolism (Eltgroth et al. 2005) . We found that the sum of the relative content of the bands ALK a and b were affected by light spectrum (Table 1) , showing a lower proportion under blue light. In our previous work (Marchetti et al. 2013) , which evaluated the effect of blue light on the biochemical composition and photosynthetic activity of T. lutea, we found lower chlorophyll a content per cell under blue light. Photosynthetic activity, however, was enhanced under blue light, resulting in higher protein synthesis under this spectrum of light at the expense of carbon storage compounds, such as alkenones.
Glycolipids are constituents of photosynthetic membranes in the chloroplast (Parrish 1987; Klyachko-Gurvich et al. 1999) . MGDG and DGDG are uncharged galactolipids that are the main constituents of thylakoid membranes (Kobayashi 2016) . These compounds provide a lipid bilayer matrix for photosynthetic complexes (Kobayashi 2016) . SQDG is an anionic glycolipid with a negative charge on the head group (Kobayashi 2016) . SQDG is important for chloroplast function and structure (Yu and Benning 2003) . The relative content of SQDG varied according to D, whereas DGDG proportion was affected by D and the spectrum of light and the interaction between both factors. DGDG increased under low D at the expense of SDQG. In our work, MGDG proportion remained unchanged despite an important role in the regulation of the structure and function of photosynthetic membrane proteins as suggested by previous studies (Bruce 1998; Zhou et al. 2009 ). DGDG and MGDG are rich in PUFAs, whereas SQDG are rich in 14:0, 16:0, and 16:1n-7, which accounts for 70% of total fatty acids in this class in I. galbana (Alonso et al. 1998 ). Hence, under high D, i.e., under high irradiance, photosynthetic membranes decrease the level of unsaturation to adjust fluidity of photosynthetic membranes by the increase in the proportion of GL with a higher level of SFAs than PUFAs. ) dilution rate using pooled data (mean ± SD, n = 6). a Neutral lipids (NL). b Glycolipids (GL). c Polar lipids (PL) SFA (14:0 and 16:0) and MUFA (18:1(n-9)) were predominant in lipid storage (NL) of T. lutea. SFA and MUFA quantities in NL were significantly higher at low D, concomitant with the accumulation of TAG content at low D. The significant increases in proportions of SFA and MUFA in NL with the decreasing dilution rate in our study (64-76% vs. 80-82% of TFA for the sum of SFA + MUFA in NL in 0.7 and 0.2 day −1 , respectively) are in agreement with Saoudi-Helis et al. (1994) , in which SFA and MUFA proportions in T. lutea increased as D decreased from 1 to 0.33 day −1
. We found no significant differences in the content of SFA and MUFA in NL under the different light spectra, as also reported in I. galbana by Yoshioka et al. (2012) .
GL and PL are, respectively, rich in short chain PUFAs (C18) and long chain PUFAs (C22). The significant increase in 18:5(n-3) proportion in GL at high D (from 0.6 to 2.8% of TFA in GL in 0.2 and 0.7 day −1 , respectively) could be directly linked to thylakoid membrane changes (Mortensen et al. 1988; Sukenik and Wahnon 1991; Saoudi-Helis et al. 1994) . Hence, the variation may allow cells to respond to increased growth rate and photosynthetic activity under high cellular renewal (i.e., high D) (Klyachko-Gurvich et al. 1999 ). More precisely, the enhancement of unsaturation level under high renewal rate inevitably increases membrane fluidity (Klyachko-Gurvich et al. 1999; Tzovenis et al. 2003) .
Overall, PUFA content and particularly n-3 PUFAs (18:3(n-3), 18:4(n-3), and 22:6(n-3)) in PL were significantly higher under blue light at low D, thus indicating an increase in lipid unsaturation under blue light at low D. Sánchez-Saavedra and Voltolina (1994) also reported enhancement in C18 fatty acids in Chaetoceros sp. grown under blue light compared to white light. Yoshioka et al. (2012) found a higher proportion of 22:6(n-3) in PL of I. galbana grown under blue intermittent light compared to white intermittent light. These authors suggested that blue intermittent light for I. galbana cultivation promoted 22:6(n-3) incorporation into the PL fraction.
In summary, the more profound effects on lipid class and fatty acid compositions were attributable to dilution rate that highly influenced growth rate and light availability.
Application to hatcheries
Lipid quantity and quality have strong effects on bivalve larval and post-larval performance in terms of survival and growth (Powell et al. 2002; Delaunay et al. 1993; Nevejan et al. 2003a) . Triacylglycerols has been identified as a great source of energy for bivalve larvae, especially in periods of low food availability or in starvation (Gallager et al. 1986; Whyte et al. 1992; Ben Kheder et al. 2010a, b) . Triacylglycerol content is also a predictor of growth rate in Crassostrea gigas larvae (Waldock and Nascimento 1979) , Pecten maximus , Argopecten purpuratus (Nevejan et al. 2003b) , and Placopecten magellanicus (Pernet et al. 2006) . Our data showed that, at low dilution rate, TAG content sharply increased. Accordingly, it would be beneficial to culture T. lutea at low dilution rate to promote TAG production and storage in microalgae to be used as feeds for bivalve larvae.
Essential fatty acids (EFAs), particularly omega-3 fatty acids 20:5(n-3) (EPA) and 22:6(n-3) (DHA), are important to bivalve growth and development (Langdon and Waldock 1981) because they are major membrane components (Hendriks et al. 2003) and possible modulators of membrane function (Palacios et al. 2005) . Several studies have attributed a higher importance to 22:6(n-3) in relation to 20:5(n-3) in broodstock and larvae Delaunay et al. 1993; Whyte et al. 1992; Soudant et al. 1996) because of the major role that 22:6(n-3) plays in maintaining the structural and functional integrity of cell membranes. In contrast, 20:5(n-3) serves mainly an energy source. In our study, a significant increase in 22:6(n-3) at low D under blue light was observed in T. lutea. As a consequence, the application of T. lutea rich in 22:6(n-3) may lead to a higher larval performance and settlement success.
The present study highlights the effects of blue light and dilution rate on fatty acids and lipid class composition of T. lutea cultured in photobioreactor and harvested at steady state. Future research should confirm the importance of these changes on bivalve culture.
